A poptosis is the programmed and physiological death of unwanted cells (1) , and the uptake of apoptotic cells (AC) by antigen-presenting cells (APC) is generally agreed to have a profound effect on the immune system (2) . The ability of dendritic cells (DC) to activate naïve T cells depends on a process of maturation, involving increases in MHC class II and costimulatory molecules among others (3) . It has been shown that AC can influence this maturation; thus, immature DC that capture AC are unable to mature into potent immunostimulatory cells (4) (5) (6) . However, this modulation of DC maturation/function is overridden in the immunostimulatory environment prevalent after immunization or infection (driven by microbial antigen and T cell signals, e.g., CD40) (7) (8) (9) . In addition to DC, B cells act as APC, contributing to T cell clonal expansion and differentiation at a surprisingly early stage (10) . As well as providing extra and essential antigen presentation capacity in the early phase of the response, B cells influence the T cell response by performing an important regulatory role in normal and autoimmune responses (11) (12) (13) . At present there is no information concerning the effect of AC on B cell function.
We were interested to know whether AC are able to influence the outcome of an immune response when given alongside a commonly used maturation stimulus, complete Freund's adjuvant (CFA). If so, they may play an important role in the resolution of inflammation when danger signals are still present. We found that AC administered with CFA in vivo induced a population of antigen-specific IL-10-secreting CD4 ϩ T cells. Their induction depended on AC interacting directly with activated B cells, and the secretion of IL-10 by B cells was required to induce these regulatory T cells both in vivo and in vitro. The fact that AC are able to influence this important APC within an inflammatory environment suggests that they play an important role in preventing an excessive inflammatory response and may play a key role in the resolution phase of an adaptive immune response where activated B cells and an influx of AC coexist.
Results

CD4 T Cells Stimulated in the Presence of AC Secrete
More IL-10. Naïve DO11.10 T cells were injected i.v. into BALB/c mice along with AC or PBS, and the mice were immunized s.c. with ovalbumin (OVA) emulsified in CFA (OVA/CFA). After 7 days CD4 ϩ T cells were purified from these mice and restimulated in vitro with naïve BALB/c splenocytes as APC. Supernatants collected after 3 days of culture revealed that CD4 ϩ T cells from AC-treated mice produced significantly more IL-10 and IFN-␥ than controls ( Fig. 1 a and b) , whereas the levels of IL-4 were similar in both groups (Fig. 1c) . To further investigate the cellular basis of the IFN-␥ and IL-10 secretion we analyzed OVA-specific (CD4 ϩ KJ-126 ϩ ) cells by intracellular cytokine staining (Fig. 1d) . Effector T cells produced predominantly either IL-10 or IFN-␥. We could not detect any IL-4 by intracellular staining (data not shown). Levels of TNF-␣, MCP-1, IL-6, and TGF-␤ were unchanged between groups (data not shown). Hence, AC treatment in vivo in the presence of adjuvant induces distinct populations of antigen-specific CD4 ϩ T cells that make either IFN-␥ or IL-10 upon secondary antigen stimulation.
(FO) B cell subsets. They were then pulsed with OVA peptide and used to stimulate naïve DO.11.10 T cells. AC at 10 6 per well were added for the duration of the culture period (72 h), after which supernatants were collected and analyzed for cytokine secretion (Fig. 3 a-c) . This showed that both subsets of activated B cells interacted directly with AC and induced T cells to secrete significantly more IL-10, which was greater from cultures containing MZ B cells and AC compared with FO B cells. T cells cultured alone with AC did not secrete cytokines (data not shown). In contrast to the results obtained with T cells stimulated in vivo in the presence of CFA, IFN-␥ secretion was equivalent and only a small increase in IL-4 was seen in the AC-treated groups. Using OVA-pulsed CD19 ϩ B cells cocultured with AC and DO11.10 T cells, we confirmed by intracellular cytokine staining that the increase in IL-10 secretion was a product of both B and T cell production ( Fig.  3 d and e) . Finally, we asked whether B cell production of IL-10 was absolutely required to induce T cell-derived IL-10. When total wild-type (C57BL/6) B cells and AC were used to stimulate OVA-specific OTII T cells a significant increase of IL-10 was seen, which was completely abrogated when IL-10-deficient B cells were used as APC (Fig. 3f ) . These results confirmed that the production of IL-10 by activated B cells that have interacted directly with AC was required to induce a distinct population of IL-10-secreting T cells but not the IFN-␥-producing population. The in vitro results with OTII mice on a C57BL/6 background were entirely similar to those with DO11.10 (on a BALB/c background).
AC Protect Mice from Autoimmune Disease. Given evidence that i.v. AC might influence B cell presentation to CD4 ϩ T cells of a model antigen, we went on to ask whether AC could affect a CD4 ϩ T cell-dependent autoimmune disease, collagen-induced arthritis (CIA). In control, type II collagen (CII)/CFA-immunized DBA-1 mice (treated with PBS), clinical disease was apparent from day 21 and became steadily worse until the end of the experiment (Fig. 4a) . This was in marked contrast to the AC-treated mice that displayed a significantly lower mean arthritis score, which was a result of reduced disease severity in the AC-treated mice, because the incidence of disease was similar in both groups (Fig. 4b) . Histological analysis of joints from arthritic mice revealed minimal cellular infiltrate within the synovium of AC-treated mice (Fig. 4ci) , whereas the control, vehicle-treated mice showed a marked synovial thickening and pannus formation with associated cartilage and bone destruction (Fig. 4cii) . We conclude that AC were able to protect mice from severe autoimmune-mediated inflammation and bone destruction.
AC Do Not Affect Tissue Injury Induced by Passive Transfer of Serum
Containing Autoantibodies to Glucose-6-Phosphate Isomerase. AC have been shown in vitro and in vivo to elicit profound suppression of proinflammatory cytokine production by macrophages stimulated through their Toll-like receptors (2) . Macrophages are important for the effector phase of joint destruction in CIA (14) . However, AC given after the onset of clinical arthritis in the CIA model had no protective effect on limiting the severity of disease (data not shown). This indicated that the mechanism of protection seen in CIA required AC to be present during the phase of induction of autoimmunity rather than the effector phase of clinically apparent joint inflammation. To confirm this we used a passive antibody transfer model of arthritis (K/BxN), which bypasses the immune induction phase. Transfer of anti-G6PI antibodies (serum) from these mice engenders an acute arthritis in recipient mice that resolves spontaneously after 18-21 days (15) . To directly reproduce the timing of administration of AC and CFA before the onset of joint inflammation, we injected CFA intradermally at the base of the tail on day 0; gave AC on days 0, 1, and 2; and then 21 days later induced arthritis using K/BxN serum. Fig. 4d shows that the arthritis score in both groups was not significantly different, suggesting that i.v. AC do not inhibit proinflammatory cytokine secretion by innate effector cells directly.
AC Reduce the Level of Pathogenic Autoantibodies in CIA. We next investigated the effects of AC on the induction of the adaptive autoimmune response. Blood samples were collected from day 14 after immunization with CII and assayed for anti-CII antibodies in the various IgG subclasses. The levels of total anti-CII IgG (Fig. 5a ) and IgG2a (Fig. 5b) were significantly reduced in the mice treated with AC. This was paralleled in the IgG1 subclass (measured at day 56, AC mean group titer was 1/1,990, and PBS mean group titer was 1/6,550), which indicated a reduction of anti-CII antibodies across the board and not simply a skewing from Th1 to Th2 response in AC-treated mice.
CII-Specific T Cells from AC-Treated Mice Proliferate Normally but
Secrete Higher Levels of IL-10. To ask whether priming was affected by the administration of AC, splenocyte or lymph node populations were taken 11 and 50 days after immunization and restimulated with graded doses of CII. CII-specific T cells proliferated normally ( Fig. 5 c and d) , but T cells from AC-treated mice secreted significantly more IL-10 and IFN-␥ than the T cells from control mice at all doses of CII tested (Fig. 6 a and b) . Other cytokines, including IL-4, IL-6, MCP-1, TGF-␤, and TNF-␣, showed no significant differences (data not shown). Thus, as with the DO11.10 model, a significant increase in IL-10 and IFN-␥ secretion is seen when T cells are isolated from mice that have been treated with AC and immunized in the presence of adjuvant.
The Protective Effect of AC in CIA Depends on IL-10. Our data thus far have shown that AC induce activated B and T cells to secrete IL-10 and that B cell-derived IL-10 is essential to induce T cell IL-10 in vitro. To investigate whether IL-10 was important in providing protection from CIA in AC-treated mice, we blocked IL-10 in vivo during disease induction by giving anti-IL-10 at the time of immunization with CII/CFA and weekly thereafter, for 2 weeks. Whereas AC-treated mice made less IgG2a anti-collagen antibody (Fig. 6d) , when AC treatment was combined with anti-IL-10 blockade the level of IgG2a anti-CII antibodies was restored to the same level as the PBS-and anti-IL-10-treated group (Fig. 6d) . Although we did not note an increased disease severity in the mice treated with anti-IL-10, the protection from severe clinical arthritis seen when AC are given at the time of immunization was lost (Fig. 6c) . We concluded that the protective effect of AC in vivo is mediated by IL-10.
CD4 ؉ T Cells from AC-Treated Mice Showed No Enrichment of FoxP3-
Positive T Cells. To investigate whether the T cell-derived IL-10 in AC-treated mice was the result of an expansion of a CD25 ϩ FoxP3 ϩ CD4 ϩ T cell population we stained splenocytes on day 21, the time after which clinical disease becomes apparent. There was no significant difference in the percentage of CD25 ϩ FoxP3 ϩ CD4 ϩ T cells among CD4 ϩ cells in the spleen in the treated mice or the controls (12.7 Ϯ 0.3% versus 12.3 Ϯ 0.44% in AC-treated and PBS-treated mice, respectively). Similar results were obtained when lymph node cells were analyzed (data not shown).
Adoptive Transfer of Spleen Cell Populations from AC-Treated Mice
Protects from CIA. To test whether populations of IL-10-secreting effector cells were able to transfer protection from CIA, whole spleen cell populations (Fig. 7a) , purified splenic CD4 ϩ T cells (Fig.  7b) , or CD19 ϩ B cells (Fig. 7d) from AC-or PBS-treated and CII/CFA-immunized mice were transferred to naïve DBA1 mice before arthritis induction. Mice that received AC-treated splenocytes or CD19
ϩ B cells had a significantly reduced disease severity compared with those that received CD4 ϩ T cells. Levels of anti-CII IgG2a were similar in both groups that received CD4 ϩ T cells (Fig.  7c ) but were again found to be reduced in mice that had received AC-treated B cells (Fig. 7e) .
Discussion
The data presented in this paper indicate that, in two different model systems and three different strains of mice, the administration of AC was able to affect splenic B cells such that they secreted IL-10 and enhanced secretion of the immunosuppressive cytokine IL-10 from antigen-specific effector CD4 ϩ T cells. In addition, they inhibited the severity of inflammatory arthritis and the generation of pathogenic autoantibody despite immunization in the presence of a powerful adjuvant, CFA. Thus, administration of AC or the passive transfer of B cells from AC-treated mice protected the mice from CIA. AC themselves did not secrete immunosuppressive cytokines, such as IL-10 or TGF-␤, and were unable to affect the progression of a passively induced arthritis. This demonstrates that AC are able to directly affect B cell function and cytokine production inducing regulatory B cells.
Previous studies on the antiinflammatory role of AC have focused on their capacity to inhibit macrophage proinflammatory cytokine (e.g., TNF-␣) generation (16) . If the AC were acting directly by generating immunosuppressive cytokines or indirectly by switching off proinflammatory cytokine production from inflammatory macrophages then we would have expected to see a diminution in joint swelling in the passive arthritis induced with K/BxN serum.
In the CIA model we found that injecting AC by the i.v. or i.p. route was protective because both deliver AC to the spleen. The injection of AC s.c. in the presence of adjuvants or DC has been shown to induce autoantibodies in susceptible mice (17) . Clearly, if the chosen route of administration does not deliver AC to the spleen such that they can interact with B cells, protection is unlikely to be elicited. We also found that populations of late AC (see Materials and Methods) were as protective as early AC (as used in the experiments). CFA is a strong maturation stimulus to DC and has been used for many years to promote Th1 antigen-specific responses. In the AC-treated mice, both an IFN-␥ and a separate IL-10-secreting population of CD4 ϩ T cells were generated. IL-10 is a multifunctional cytokine with the ability to inhibit activation and effector function of T cells, monocytes, and macrophages, ultimately terminating inflammatory responses (18) . Our data support the generation of a population of antigen-specific Tr1 regulatory T cells driven by IL-10-producing regulatory B cells. The blockade of IL-10 at the time AC were given restored the anti-CII antibody response to normal levels and abrogated protection from CIA. In contrast to published data (19, 20) we did not see an exacerbation of arthritis as has been reported in IL-10-deficient mice. This may reflect that fact that blocking anti-IL-10 was given only during the induction phase of arthritis and not during the effector phase.
We were also intrigued to see an augmented IFN-␥ response (both in the OVA transgenic models and in mice protected from arthritis) from T cells isolated from mice immunized in vivo with CFA, despite the attenuated IgG2a response. Studies of CIA development in genetically susceptible mice in which IFN-␥ or the IFN-␥ receptor has been deleted reveal that arthritis develops faster and is more severe (21) (22) (23) . In addition, mice on the C57BL/6 background that are normally resistant to the induction of CIA develop acute arthritis when IFN-␥ is genetically deleted. Thus, as well as protecting mice through the generation of IL-10, the heightened IFN-␥ response in AC-treated mice seen after administration of CFA may actually serve to further protect the mice from excessive inflammation. We do not see an increase in T cell-derived IFN-␥ when B cells are used to stimulate T cells in vitro in the presence of AC, suggesting that in vivo AC may provoke additional functions in the presence of adjuvant.
We were unable to demonstrate an increase in numbers of CD4 ϩ CD25 ϩ FoxP3 ϩ T cells 21 days after AC infusion in DBA1 mice. Protection from autoimmune arthritis or the generation of pathogenic antibody could not be transferred passively with AC-treated CD4 ϩ effector T cells given on the day of immunization with CII/CFA. This was despite the fact that they secreted significantly more IL-10 than control T cells. It is possible that IL-10-secreting T cells have a prominent role to play in controlling the disease at the site of inflammation, which was not tested in our experimental system because we gave the IL-10-secreting T cells 21 days before the onset of arthritis along with CII/CFA.
In contrast to the findings with passively transferred T cells, purified splenic B cells from AC-treated CII/CFA-immunized mice mimicked the effect seen after i.v. administration of AC. This indicates that AC were able to induce a stable population of regulatory CD19 ϩ B cells. Both FO and MZ B cells are able to interact with AC and induce IL-10 secretion, although the latter population induces more IL-10. MZ B cells are found at the border of the red and white pulp of the spleen, where blood flow slows as it enters the marginal sinus (24) . One could speculate that they interact with AC here both because of their favorable position in the spleen and by use of anti-self receptors (25) . Regulatory B cells have been shown to exert a protective effect on a number of models of autoimmune-mediated injury, although the means by which they are generated in vivo has remained unknown (11) (12) (13) .
In summary, we have demonstrated that CD19 ϩ B cells from animals receiving i.v. AC transfer protection from CIA. Our data indicate that B cells respond directly to AC secreting IL-10 and that the secretion of IL-10 by the B cells is vital to induce T cell-mediated IL-10 secretion and immunoregulation. These IL-10-secreting populations are stable for up to 40 days after administration of AC and CII/CFA. They regulate the generation of autoantibodies and skew the cytokine profile of effector T cells toward an immunosuppressive phenotype. This indicates that the correct recognition and response to AC by activated B cells may play a decisive role in influencing the generation of regulatory populations within an inflammatory milieu that molds the outcome of an autoimmune insult. It is possible that a failure in the ability of B cells to respond to AC may be an important contributor to the breakdown in tolerance that is seen in autoimmune diseases.
Materials and Methods
Mice. DO.11.10 mice TcR transgenic mice (H2A d -restricted, OVA peptide 323-339 -specific) (26) and BALB/c, NOD, and KRN TcR transgenic mice (NOD-derived A g7 -restricted, glucose-6-phosphate isomerase-specific) (27) were bred and maintained under specific pathogen-free conditions in the Animal Facilities at the University of Edinburgh. Six-to 8-week-old male DBA1 mice, purchased from Harlan (Bicester, U.K.) were used at 8-9 weeks of age. DO.11.10, OTII, C57BL/6, and BALB/c mice were used at 6-12 weeks of age and were sex-and age-matched within experiments. NOD and KRN mice were bred, and arthritic progeny were killed at 60 days of age; their serum was collected and pooled. All experiments were covered by a Project License granted by the Home Office under the Animal (Scientific Procedures) Act 1986. Locally, this license was approved by the University of Edinburgh Ethical Review Committee. Generation of AC. Thymi were removed from 6-week-old syngeneic mice, teased into single-cell suspensions, and incubated in IMDM (GIBCO) supplemented with 2 mM L-glutamine, 100 units/ml penicillin, 100 g/ml streptomycin, 20 mM 2-mercaptoethanol, and 10% FCS (complete IMDM). Apoptotic murine thymocytes were generated for use in these experiments by incubating cells for 6 h before infusion. Cells were stained for exposed phosphatidylserine on AC by using annexin V and run on FACS. This gave an average of 43% AC and Ͻ5% postapoptotic cells when stained with propidium iodide. In earlier experiments (data not shown) AC that had been cultured overnight and were thus at a more advanced stage of apoptosis and necrosis (90% annexin V-positive and 25% propidium iodide-positive) were equally protective. However, after 18 h of culture significantly fewer AC were recovered from culture for injection. AC have also been injected both i.v. and by the i.p. route. Neither the stage of apoptosis nor the route of administration affected the protection seen. For the sake of uniformity we have chosen to inject AC by the i.v. route and after 6 h of culture. For the in vitro experiments 1 ϫ 10 6 AC were added to B cells after 6 h of culture but then left in the wells for the duration of the assay.
Induction of CIA. CII from chicken sternal cartilage (SigmaAldrich), dissolved at 4 mg/ml in PBS containing 0.1 M acetic acid at 4°C overnight, was emulsified in an equal volume of CFA (Sigma-Aldrich) with added Mycobacterium tuberculosis H37RA (Difco, Detroit, MI), giving a final Mycobacterium content of 1.5 mg/ml of emulsion. A total of 100 l of this emulsion was injected intradermally at the base of the tail on day 0. For mice given anti-IL-10 (SXC1 hybridoma cell line) 500 g of purified antibody was given by the i.p. route weekly starting from day 0 for 3 weeks. The first signs of arthritis appeared between days 21 and 35 with a prevalence of 60-90% of immunized mice. Each arthritic limb was scored by an investigator who was blinded to the treatment regime as follows: 0, normal; 1, erythema or swelling in a single digit; 2, erythema and swelling in two or more joints; 3, swelling of whole paw including hock joint. The total score of all four joints was added and taken as a measure of the degree of arthritis with a maximum possible score of 12 (i.e., 4 ϫ 3) for all four limbs combined. For groups the mean of this score was taken.
Induction of K/BxN Arthritis. Pooled arthritic serum from KRN T cell transgenic ϫ NOD mice was generated from 60-day-old mice as previously described (27, 28) . A total of 100 l was injected i.p. into recipient C57BL/6 mice on days 0 and 2. Arthritis was seen in all mice 48 h after the last injection. The mice were scored in the same way as the CIA model. Assessment of CD4 ؉ CD25 ؉ Foxp3 ؉ T Cell Populations. Eight mice per treatment group were killed 21 days after immunization with CII/CFA and administration of AC or PBS. Splenocytes were surface-stained with anti-CD4 and anti CD25 (BD Pharmingen, San Diego, CA), fixed, and permeabilized before staining with anti-mouse Foxp3 (FJK-16; eBioscience, Insight Biotechnology, Wembley, U.K.) according to the manufacturer's instructions. Cells were then analyzed by flow cytometry.
Histology. Knee and ankle joints were separated mid-tibia from hind limbs and dissected to remove skin and outer muscle. After fixation in 4% paraformaldehyde, they were demineralized for 2 weeks in 14% EDTA, followed by routine processing and paraffin embedding. Sagittal sections (4-m) were cut and stained with hematoxylin and eosin for evaluation of inflammation, bone erosion, and cartilage destruction. Sections were analyzed blind by a histopathologist (D.S.). Magnetic Sorting of Cells. CD11c ϩ cells were labeled with CD11c (N418) microbeads as per the manufacturer's instructions (MACS; Miltenyi Biotec, Bergisch Gladbach, Germany) and magnetically separated by using an LS column (MACS). Purity was typically Ͼ95% positive. CD4 ϩ and CD19 ϩ B cells from single-cell suspensions of spleens or lymph nodes were separated by using CD4 and CD19 microbeads, respectively, from the same source. In some experiments CD19 ϩ B cells were further sorted by FACS into FO and MZ B cells after staining with anti-CD21 and anti-CD23.
Intracellular Cytokine Staining. Cells from either primary or restimulation assays were taken on day 3 of culture and resuspended at 2 ϫ 10 6 per milliliter in fresh medium in 24-well plates with added PMA (20 ng/ml) and ionomycin (1 g/ml). After 1 h brefeldin (SigmaAldrich) at 10 g/ml was added to block the secretion of cytokines, and the cells were cultured for a further 3.5 h after which the cells were surface-stained, fixed, and permeabilized (eBioscience) before intracellular cytokine staining.
Statistics. Data are expressed, when appropriate, as mean and SEM. Significance was assessed by using unpaired t tests, and P values Ͻ0.05 were considered significant.
